Measurement of ZZ production in leptonic final states at of 1.96 TeV at CDF 



T. Aaltonen,^^ B. Alvarez Gonzalez^, ^ S. Anierio,'*° D. Amidei,^^ A. Anastassov^/^ A. Annovi,^'' J. Antos/^ 
G. Apollinari/5 J. A. Appel,^^ T. Arisawa,^"* A. Artikov/^ J. Asaadi,^^ W. Ashmanskas/''' B. Auerbach,^'' 
A. Aurisano,-*^ F. Azfar,^^ W. Badgett/^ T. Bae,^^ A. Barbaro-Galtieri,^^ V.E. Barnes,'''* B.A. Barnett,^^ 
P. Barria'''',42 p. Bartos/^ M. Bauce^-'^ F. Bedeschi,42 S. Behari,23 G. Bellettiniss,''^ J. Bellinger,^^ 
D. Benjamin/^ A. Beretvas,!^ A. Bhatti,'*^ D. Bisello^-^,*^ I. Bizjak,^^ K.R. Bland,^ B. Blunienfeld,^^ A. Bocci," 

A. Bodek,45 D. Bortoletto,''^ J. Boudreau,''^ A. Boveia," L. Brigliadori'=^6 c. Bromberg,^^ E. Brucken,^! 

J. Budagov,i3 H.S. Budd,'*^ K. Burkett/^ G. Busetto-'^-'^,^'' P. Bussey,!^ A. Buzatu,^! A. Calamba,io C. Calancha,^^ 
S. Camarda," M. Campanelli,^^ M. Campbell,32 F. Canelli"/^ B. Carls,22 D. Carlsniith,^^ R. Carosi,42 
S. CarriUo™,!^ S. Carron,!^ B. Casal'^,^ M. Casarsa,50 A. Castro'=^s P. Catastini,2" D. Cauz,^o V. Cavaliere,22 
M. Cavalli-Sforza,4 A. Cerri^,26 L. Cerrito^28 y.C. Chen,i M. Chertok/ G. Chiarelli,''2 G. Chlachidze,!^ 
F. Chlebana/^ K. Cho,25 D. Chokheli/^ W.H. Chung,56 Y.S. Chung,*^ M.A. Ciocci'''',42 A. Clark/^ C. Clarke,'^^ 
G. Compostella^^,'*° M.E. Convery/^ J. Conway/ M.Corbo/^ M. Cordelli/^ C.A. Cox/ D.J. Cox/ F. Crescioli99/2 
J. Cuevas^,^ R. Culbertson/^ D. Dagenhart/^ N. d'Ascenzo'"/^ M. Datta/^ P. de Barbaro/^ M. DeU'Orso^f/^ 
L. Demortier,'**^ M. Deninno,^ F. Devoto/^ M. d'Errico^//° A. Di Canto^f /2 g Y)\ Ruzza/'^ J.R. Dittmann/ 
M. D'Onofrio/^ S. Donatif9/2 Dong/^ M. Dorigo/" T. Dorigo,40 K. Ebina/^ A. Elagin ,"9 A. Eppig/2 
R. Erbacher/ S. Errede,22 N. Ershaidat'''^/5 ^ Eusebi,''^ S. Farrington/^ M. Feindt/"* J.P. Fernandez/^ 
R. Field/^ G. Flanagan"/^ R. Forrest/ M.J. Frank/ M. Franklin/° J.C. Freeman/^ Y. Funakoshi/^ I. Furic/'^ 

M. Gallinaro/6 J.E. Garcia/^ A.F. Garfinkel/^ p. Garosi''''/2 jj. Gerberich/2 E. Gerchtein/^ S. Giagu/^ 
V. Giakoumopoulou/ P. Giannetti/2 K. Gibson/^ CM. Ginsburg/^ N. Giokaris/ P. Giromini/^ G. Giurgiu/^ 
V. Glagolev/3 D. Glenzinski/^ M. Gold/^ D. Goldin/^ N. Goldschmidt/^ A. Golossanov/^ G. Gomez/ 
G. Gomez-Ceballos/" M. Goncharov/o O. Gonzalez/^ I. Gorelov/^ A.T. Goshaw/* K. Goulianos/^ S. Grinstein/ 

C. Grosso-Pilcher/i R.C. Group^^ J. Guimaraes da Costa/" S.R. Hahn/^ E. Halkiadakis/* A. Hamaguchi/^ 
J.Y. Han/5 p Happacher/^ K. Hara/^ D. Hare/^ M. Hare/2 R.F. Harr/^ K. Hatakeyama/ C. Hays/^ M. Heck/" 
J. Heinrich/i M. Herndon/^ S. Hewamanage/ A. Hocker/'^ W. Hopkinsf/^ D. Horn/^ S. Hou/ R.E. Hughes/^ 
M. Hurwitz/i U. Husemann/'^ N. Hussain/* M. Hussein/^ J. Huston/^ G. Introzzi/2 M. lorpJ/^ A. Ivanov^/ 
E. James/5 D. Jang/o B. Jayatilaka/^ E.J. Jeon/^ S. Jindariani/^ M. Jones/^ K.K. Joo/^ S.Y. Jun/" 
T.R. Junk/5 rp Kamon25/9 P.E. Karchin/5 A. Kasmi/ Y. Kato^/^ W. Ketchum/i J. Keung/* V. Khotilovich/^ 

B. Kilminster/5 D.H. Kim/^ H.S. Kim/^ J.E. Kim/^ M.J. Kim/^ S.B. Kim/^ S.H. Kim/^ Y.K. Kim/i 
Y.J. Kim/5 js^^ Kimura/^ M. Kirby/5 S. Klimenko/^ K. Knoepfel/5 K. Kondo*/4 D.J. Kong/5 Konigsberg/^ 

A.V. Kotwal/4 M. Kreps/^ J. KroU/* D. Krop/* M. Kruse/^ V. Krutelyov'^/s t. Kuhr/" M. Kurata/* 
S. Kwang/i A.T. Laasanen/'* S. Lami/2 S. Lammel/5 M. Lancaster/^ R.L. Lander/ K. Lannon''/*^ A. Lath/^ 
G. Latino''''/2 T. LeCompte/ E. Lee/^ H.S. Lee?/* J.S. Lee/5 S.W. Lee''^49 S. LeoSff/2 S. Leone/2 J.D. Lewis/5 
A. Limosani*/^ c.-J. Lin/^ M. Lindgren/5 E. Lipeles/^ A. Lister/^ D.O. Litvintsev/5 C. Liu/^ H. Liu/^ Q. Liu/'' 
T. Liu/5 S. Lockwitz/'^ A. Loginov/^ D. Lucchesi/^/° J. Lueck/^ P. Lujan/'^ P. Lukens/5 G. Lungu/*^ J. Lys/^ 
R. Lysak'=/2 ^ Madrak/5 K. Maeshima/5 P. Maestro'''* /2 S. Malik/^ G. Manca"/^ A. Manousakis-Katsikakis/ 
F. Margaroli/'' C. Marino/'* M. Martinez/ P. Mastrandrea/^ K. Matera/2 M.E. Mattson/5 A. Mazzacane/5 

P. Mazzanti/ K.S. McFarland/5 P. Mclntyre/^ R. McNulty/27 A. Mehta/^ P. Mehtala/* C. Mesropian/^ 
T. Miao/5 D. Mietlicki/2 A. Mitra/ H. Miyake/* S. Moed/5 N. Moggi/ M.N. Mondragon"/5 C.S. Moon/5 
R. Moore/5 M.J. Morello"/2 J. Morlock/'' P. Movilla Fernandez/5 A. Mukherjee/5 Th. MuUer/^ P. Murat/5 

M. Mussim'=^6 j. Nachtman"/5 Y. Nagai/* J. Naganoma/^ L Nakano/^ A. Napier/2 J. Nett/^ C. Neu/^ 
M.S. Neubauer/2 J. Nielsen''/'^ L. Nodulman/ S.Y. Noh/5 O. Norniella/^ L. Oakes/^ S.H. Oh/^ Y.D. Oh/5 
L Oksuzian/'^ T. Okusawa/^ R. Orava/* L. Ortolan/ S. Pagan Griso-^-''/° C. Pagliarone/" E. Palencia-'^/ 
V. Papadimitriou/5 A.A. Paramonov/ J. Patrick/5 q Pauletta'='=/° M. Paulini/o C. Paus/° D.E. Pellett/ 
A. Penzo/° T.J. Phillips/^ G. Piacentino/2 E. Pianori/* J. Pilot/^ K. Pitts/2 C. Plager/ L. Pondrom/^ 
S. Poprockis/5 K. Potamianos/" F. Prokoshin^^i^ a. Pranko/^ F. Ptohos''/'^ G. Punziss/2 ^ Rahaman/^ 

V. Ramakrishnan/6 N. Ranjan/" L Redondo/^ P. Renton/^ M. Rescigno/^ T. Riddick/^ F. Rimondi'^'^/ 
L. Ristori''2/5 A. Robson/9 T. Rodrigo/ T. Rodriguez/* E. Rogers/2 S. Rolli/52 R. Roser/5 F. Ruffini''''/2 
A. Ruiz/ J. Russ/o V. Rusu/5 A. Safonov/^ W.K. Sakumoto/5 Y. Sakurai/" L. Santi'='=/o K. Sato/* 
V. Saveliev'"/5 A. Savoy-Navarro"''/5 P. Schlabacli/5 A. Schmidt/" E.E. Schmidt/5 T. Schwarz/5 L. Scodellaro/ 
A. Scribano''''/2 F. Scuri/2 S. Seidel/5 Y. Seiya/^ A. Semenov/^ F. Sforza'''*/2 S.Z. Shalhout/ T. Shears/^ 



2 



P.F. Shepard,''^ M. Shimojima",^i M. Shochct/^ I. Shreyber-Teckcr,^^ A. Simoncnko,!^ p. Sinorvo,'^i K. Sliwa,^^ 
J.R. Smith/ F.D. Snider/^ A. Soha/^ V. Sorin," H. Song.^a P. Squillacioti'''' ,^^2 Stancari,!^ R. St. Denis/^ 
B. Stelzer,3i O. Stelzer-Chilton,^! D. Stentz^/^ j strologas,=^5 q l Strycker,^^ Y. Sudo,^! A. Sukhanov/^ 
I. Suslov/3 K. Takcmasa,^! Y. Takeuchi,^! J. Tang," M. Tecchio,^^ P.K. Tcng/ J. Thomff,!^ J. Thonie/° 
G.A. Thonipson,22 E. Thomson,''^ D. Toback,''*^ S. Tokar,!^ K. Tollofson,^^ T. Tomura,'"^! D. Tonelli,!^ S. Torrc,^'^ 
D. Torretta/5 P. Totaro,""^ M. Trovato",''^ F. Ukegawa,^! S. Uozumi,^^ A. Varganov,^^ F. Vazquez™, G. Velev,^^ 
C. Vellidis,i5 M. Vidal,^* I. Vila,^ R. Vilar,^ J. Vizan,^ M. Vogel,^^ G. Volpi,^'' P. Wagner,^! R.L. Wagner,!^ 
T. Wakisaka,38 R. Wallny,^ S.M. Wang,i A. Warburton,^! D. Watcrs,^^ W.C. Wester lll,^^ D. Whiteson^4l 
A.B. Wicklund,2 E. Wicklund,!^ S. Wilbur," F. Wick,^^ H.H. Williams,*^ J.S. Wilson,36 R Wilson,!^ 
B.L. Winer,36 R Wittichs,!^ S. Wolbers,!^ H. Wolie,^^ T. Wright,''^ X. Wu,i« Z. Wu,^ K. Yainamoto,^^ 
D. Yamato,38 T. Yang,i^ U.K. Yang''," Y.C. Yang,^^ W.-M. Yao,^^ G.P. Ych,!^ K. Yi",i'^ J. Yoh,!^ K. Yorita,^^ 
T. Yoshida',38 Q.B. Yu,^"^ I. Yu,^^ S.S. Yu,^^ J.C. Yun,!^ A. Zanctti,^^ Y. Zeng," C. Zhou,^'^ and S. Zucchelli'=«'* 

(CDF CoUaborationt) 

^Institute of Physics, Academia Sinica, Taipei, Taiwan 11529, Republic of China 
^Argonne National Laboratory, Argonne, Illinois 60439, USA 
^University of Athens, 157 71 Athens, Greece 
^Institut de Fisica d'Altes Energies, ICREA, Universitat Autonoma de Barcelona, E-08193, Bellaterra (Barcelona), Spain 

^Baylor University, Waco, Texas 76798, USA 
^Istituto Nazionale di Fisica Nucleare Bologna, ''^University of Bologna, 1-40127 Bologna, Italy 
'^University of California, Davis, Davis, California 95616, USA 
^University of California, Los Angeles, Los Angeles, California 90024, USA 
^Instituto de Fisica de Cantabria, CSIC-University of Cantabria, 39005 Santander, Spain 
^"Carnegie Mellon University, Pittsburgh, Pennsylvania 15213, USA 
^'Enrico Fermi Institute, University of Chicago, Chicago, Illinois 60637, USA 
Comenius University, 842 48 Bratislava, Slovakia; Institute of Experimental Physics, O4O 01 Kosice, Slovakia 
'''Joint Institute for Nuclear Research, RU-141980 Dubna, Russia 
'^Duke University, Durham, North Carolina 27708, USA 
'^Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA 
'^University of Florida, Gainesville, Florida 32611, USA 
'^Laboratori Nazionali di Frascati, Istituto Nazionale di Fisica Nucleare, 1-00044 Frascati, Italy 
'^University of Geneva, CH-1211 Geneva 4, Switzerland 
'^Glasgow University, Glasgow G12 8QQ, United Kingdom 
^"Harvard University, Cambridge, Massachusetts 02138, USA 
^'Division of High Energy Physics, Department of Physics, 
University of Helsinki and Helsinki Institute of Physics, FIN-OOOI4, Helsinki, Finland 
University of Illinois, Urbana, Illinois 61801, USA 
^''The Johns Hopkins University, Baltimore, Maryland 21218, USA 
^^Institut fiir Experirnentelle Kernphysik, Karlsruhe Institute of Technology, D-76131 Karlsruhe, Germany 
Center for High Energy Physics: Kyungpook National University, 
Daegu 702-701, Korea; Seoul National University, Seoul 151-742, 
Korea; Sungkyunkwan University, Suwon 440-746, 
Korea; Korea Institute of Science and Technology Information, 
Daejeon 305-806, Korea; Chonnam National University, Gwangju 500-757, 
Korea; Chonbuk National University, Jeonju 561-756, Korea 
Ernest Orlando Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA 
University of Liverpool, Liverpool L69 7ZE, United Kingdom 
University College London, London WCIE 6BT, United Kingdom 
^^Centro de Investigaciones Energeticas Medioambientales y Tecnologicas, E-28040 Madrid, Spain 
^'^Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA 
^'institute of Particle Physics: McGill University, Montreal, Quebec, 
Canada H3A 2T8; Simon Eraser University, Bumaby, British Columbia, 
Canada V5A 1S6; University of Toronto, Toronto, Ontario, 
Canada M5S 1A7; and TRIUMF, Vancouver, British Columbia, Canada V6T 2A3 
University of Michigan, Ann Arbor, Michigan 48109, USA 
^''Michigan State University, East Lansing, Michigan 48824, USA 
^'^Institution for Theoretical and Experimental Physics, ITEP, Moscow 117259, Russia 
University of New Mexico, Albuquerque, New Mexico 87131, USA 
^^The Ohio State University, Columbus, Ohio 43210, USA 
^'^ Okayama University, Okayama 700-8530, Japan 
Osaka City University, Osaka 588, Japan 



3 



University of Oxford, Oxford 0X1 3RH, United Kingdom 
'istituto Nazionale di Ftsica Nucleare, Seztone di Padova-Trento, University of Padova, 1-35131 Padova, Italy 
University of Pennsylvania, Philadelphia, Pennsylvania 19104, USA 
^'"^ Istituto Nazionale di Fisica Nucleare Pisa, University of Pisa, 
'''' University of Siena and "Scuola Normale Superiore, 1-56127 Pisa, Italy 
'^'^ University of Pittsburgh, Pittsburgh, Pennsylvania 15260, USA 
"^'^ Purdue University, West Lafayette, Indiana 47907, USA 
^'^ University of Rochester, Rochester, New York 14627, USA 
^"^The Rockefeller University, New York, New York 10065, USA 
'^^Istituto Nazionale di Fisica Nucleare, Sezione di Roma 1, 

Sapienza Universita di Roma, 1-00185 Roma, Italy 
^^Rutgers University, Piscataway, New Jersey 08855, USA 
Texas A&M University, College Station, Texas 77843, USA 
^"istituto Nazionale di Fisica Nucleare Trieste/ Udine, 
F34100 Trieste, ''''University of Udine, 1-33100 Udine, Italy 
University of Tsukuba, Tsukuba, Ibaraki 305, Japan 
Tufts University, Medford, Massachusetts 02155, USA 
University of Virginia, Charlottesville, Virginia 22906, USA 
^^Waseda University, Tokyo 169, Japan 
Wayne State University, Detroit, Michigan 48201, USA 
University of Wisconsin, Madison, Wisconsin 53706, USA 
^"^Yale University, New Haven, Connecticut 06520, USA 

In this paper we present a precise measurement of the total ZZ production cross section in 
pp collisions at y/s= 1.96 TeV, using data collected with the CDF II detector corresponding to 
an integrated luminosity of approximately 6 fb~^. The result is obtained by combining separate 
measurements in the four-charged {III' I'), and two-charged-lepton and two-neutral-lepton {Uuv) 
decay modes of the Z. The combined measured cross section for pp — > ZZ is 1.64lQ'3g pb. This is 
the most precise measurement of the ZZ production cross section in 1.96 TeV pp collisions to date. 



The production of a Z boson pair is rare in the stan- 
dard model of particle physics (SM) , and has a cross sec- 
tion of 1.4 ± 0.1 pb for pp collisions at 1.96 TeV, calcu- 
lated at ncxt-to- leading order (NLO) [l[. The production 
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rate can be enhanced by a variety of new physics contri- 
butions, such as anomalous trilinear gauge couplings Q 
or large extra dimensions 'i]. Therefore, a precise mea- 
surement of this process provides a fundamental test of 
the SM. A good understanding of ZZ production, along 
with that of the other massive diboson processes {WW , 
WZ), is an essential component of new physics searches 
including searches for the Higgs boson, since these pro- 
cesses share similar experimental signatures. ZZ pro- 
duction was first studied at the LEP e+e~ collider at 
CERN [4y7i and later investigated at the Tevatron pp 
collider [1, . WW [31 and WZ 11 1 production has 
already been observed and precisely measured. CDF did 
report strong evidence for ZZ production in the four- 
charged-lepton decay channel ZZ — > £££'£' and the two- 
charged-lepton decay channel ZZ — >■ iliyv, measuring 
cr(ZZ)=1.4lQ g pb with a significance of 4.4 a using data 
corresponding to 1.9 fb^^ of integrated luminosity 
Recently DO reported a measurement in the four-lepton 
channel, using 6.4 fb~^ of integrated luminosity ^] which 
has been combined with a result based on the ££1/1/ final 
state, using 2.7 fb~^ of integrated luminosity fi^, giving 
a combined measured cross section (t(ZZ)=1.40 



-0.40 



.... pb 

with a significance of more than 6a. CMS [l3| and AT- 
LAS [l3| have also both reported measurements of the 
ZZ cross-section in 7 TeV pp collisions produced by the 
Large Hadron Collider (LHC). 

In this Letter, we present a new measurement of the 
ZZ production cross section using data from approxi- 
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mately 6 fb~^ of integrated luminosity collected by the 
CDF II detector 15| at the Tevatron. A search for new 
ZZ resonances using the same data set is reported in 
With respect to the previous measurement, we ex- 
ploit not only the increased quantity of data, but also im- 
proved analysis techniques. We consider both the ill' 
and llvv decay channels, where I and I' are electrons 
or muons coming from the Z decay or from the leptonic 
decay of a r in the case where a Z boson decays to a r 
pair. The full process we consider is — ^ Z j^* Z /^* , but 
the III' I' and llvv final states differ in their decay kine- 
matic acceptance, because of the different 7* couplings 
to charged leptons and neutrinos. We therefore apply a 
correction factor to our results to normalize the measure- 
ments to the inclusive ZZ total cross section calculated in 
the zero-width approximation. For brevity, hereafter we 
will refer to Z/^*Z/^* as ZZ , unless otherwise specified. 

The CDF II detector is described elsewhere Here 
we briefly summarize features relevant for this analysis. 
We describe the geometry of the detector using the az- 
imuthal angle <j) and the pseudorapidity 77 = -ln[tan(0/2)] , 
where is the polar angle of a particle's trajectory (track) 
with respect to the proton beam axis and with the ori- 
gin at the pp interaction point. The pseudorapidity of 
a particle assumed to have originated from the center of 
the detector is referred to as rid- Measurement of charged 
particle trajectories extends to \rid\ < 2.0, but for parti- 
cles with \rid\ > 1.1 not all layers of the detector are tra- 
versed, resulting in lower tracking efficiency and poorer 
resolution. An electromagnetic and a hadronic calorime- 
ter with a pointing tower geometry extend to |77t;| < 3.6, 
but shower maximum position detectors used in electron 
identification are only present to \rid\ < 2.8. In addi- 
tion, the calorimeters have several small uninstrumented 
regions at the boundaries between detector elements. 

Electrons are usually detected in this analysis by 
matching a track in the inner tracking system to an en- 
ergy deposit in the electromagnetic calorimeter (EM). 
Muons are detected by matching a track to a minimum 
ionizing particle energy deposit in the calorimeter, with 
or without associated track segments in the various muon 
chambers beyond the calorimeter. We include r lep- 
tons in this analysis only if they are detected indirectly 
through their decays to electrons or muons. Lepton re- 
construction algorithms are well validated and described 
in detail elsewhere 
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The presence of neutrinos is inferred from the missing 
transverse energy Ifrp = '"^iEifiT.i, where nT,i is the 
transverse component of the unit vector pointing from 
the interaction point to calorimeter tower z, and Ei is 
the energy deposit in the i-th tower of the calorimeter. 
The Ifrp calculation is corrected for muons and track- 
based reconstructed leptons, which do not deposit all of 
their energy in the calorimeters. The transverse energy 
Et is EsmO, where E is the energy associated with a 



calorimeter element or energy cluster. Similarly, px is 
the track momentum component transverse to the beam 
line. 

Jets are reconstructed in the calorimeters using a cone 
al gorithm (jETCL U [lit ) ^i^^ a clustering radius of Ai? = 

{Aijy + (A0)2 = 0.4 and are corrected to the parton 
energy level using standard techniques [l^. Jets are se- 
lected if they have Et > 15 GeV/c and \r]\ <2.4. 

We use an on-line event-selection system (trigger) to 
choose events that pass at least one high-p-r lepton trig- 
ger. The central electron trigger requires an EM energy 
cluster with Et > 18 GeV matched to a track with pT > 
8 GeV/c. Several muon triggers are based on track seg- 
ments from different muon detectors matched to a track 
in the inner tracking system with > 18 GeV/c. Trig- 
ger efficiencies are measured in leptonic W and Z boson 
data samples (20j . 

For the ilvv analysis we use several mutually exclu- 
sive lepton reconstruction categories, including: three 
electron categories, seven muon categories, and isolated 
track-based identification for leptons which do not lie in- 
side the fiducial coverage of the calorimeter. All recon- 
structed leptons must satisfy a calorimeter isolation re- 
quirement: the total Et in the calorimeter towers that lie 
whithin a cone of AR < 0.4 around the lepton, exclud- 
ing the tower traversed by the lepton, must be less than 
10% of the Et{pt) of the reconstructed electron(muon). 
ZZ — > llvv candidates are selected among the sample of 
events containing exactly two leptons of the same flavor 
and opposite charge, requiring minimal hadronic activ- 
ity, with a maximum of one additional jet in the event 
with Et > 15 GeV. One of the two leptons is required to 
have passed one of the described triggers and have pt > 
20 GeV/c, while for the second we only require pt > 10 
GeV/c. The two leptons are required to have an invariant 
mass within 15 GeV/c^ of the nominal Z mass 21 1. 

The dominant source of dilepton events is the Drell- 
Yan process (DY) , which has a cross section many orders 
of magnitude larger than that of our signal. The main 
difference between the signal and the Drell-Yan process is 
the presence of the two neutrinos in the signal final state 
which may lead to a transverse energy imbalance in the 
detector quantified by the I^t- Other background contri- 
butions come from WW and WZ production, decaying 
in their respective leptonic channels, Wj or VF-|-jets pro- 
duction where photons or jets are misidentified as lep- 
tons, and a small contribution from ti production. The 
expectation and modeling of signal and background pro- 
cesses are determined using different Monte Carlo (MC) 
simulations inclu ding a GEANT-based simulation of the 
CDF II detector [22[; CTEQ5l parton distribution func- 
tions (PDFs) are used to model the momentum distri- 
bution of the initial-state partons [i^. The WZ, ZZ, 
DY, and ti processes are simulated using 
while WW is simulated using MC@NLO UM 
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lated with the Baur event generator [26| . Each simulated 
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W"f is simu- 



sample is normalized to the theoretical cross section cal- 
culated at next-to-leading order in QCD. The V7-|-jets 
background is estimated using a data-driven technique 
because the simulation is not expected to reliably model 
the associated rare jet fragmentation and detector effects 
leading to fake leptons. The probability that a jet will 
be misidentified as a lepton is measured using a sample 
of events collected with jet-based triggers and corrected 
for the contributions of leptons from W and Z decays. 
The probabilities are applied to the jets in a M^-|-jets en- 
riched event sample to estimate the VF-|-jets background 
contribution to our dilepton sample [27| . 

We further select ZZ — iiviy events by requiring that 
the l^rp in the event is mostly aligned along the axis (Ax) 
of the reconstructed Z i£ in the opposite direction, 
selecting events with 



ttPt) 



> 25 GeV, 



(1) 



for signal-to-background separation since they exploit the 
unique features of ZZ production. Figure [1] shows the 
resulting NN output distributions for data and expected 
signal and background, in which ZZ signal tends toward 
higher values and background toward lower values. Ex- 
ploiting the good separation of the signal from the back- 
ground, we measure the ZZ cross section from a binned 
maximum likelihood fit of the NN output. The likelihood 
function in the fit is the product of the Poisson probabil- 
ity of the observed yield in each bin on the NN output, 
given the signal and background expectations. 

For the iii/v decay channel, we consider several sources 
of systematic uncertainty affecting the expectations for 
the signal and background processes. The likelihood in- 
cludes a Gaussian constraint to account for the system- 
atic uncertainties, treated as nuisance parameters. The 
only free parameter in the likelihood fit is the ZZ nor- 
malization. 



where A(j){I^rp^p^) is the angle between I^j. and the di- 
rection of the reconstructed Z. This requirement re- 
jects 99.8% of the Drell-Yan background while preserving 
about 30% of the signal. The composition of the sam- 
ple of events passing these requirements is summarized 
in Table HI including expectations for other minor back- 
grounds. 



TABLE L Expected and observed number of ZZ — )■ lli/u can- 
didate events in 5.9 fb~^ of integrated luminosity, where the 
uncertainty includes statistical and systematic errors added 
in quadrature. 



FIG. 1: Neural network output distribution for the processes 
contributing to the Ui/v sample, scaled to the best values of 
the fit to the data. 



Process 


candidate events 


tt 


5.8 ± 1.1 


DY 


881.1 ± 158.2 


WW 


85.2 ± 8.1 


wz 


35.4 ± 5.0 


W+]ets 


42.3 ± 11.3 


W-f 


13.9 ± 4.2 


Total Background 


1064 ± 159 


ZZ 


49.8 ± 6.3 


Total MC 


1113 ± 159 


Data 


1162 



In order to improve the signal-to-background ra- 
tio further, we use a multivariate technique relying 
on the simulated samples of signal and background 
events. A NeuroBayes® neural network (NN) [2^ 
is trained using seven event kinematic variables: the 
significance (^t/VE-^'t H), the ^j, compo- 
nent transverse to the closest reconstructed object 
[I}rpsiTi(lS.(j){Ifj,,l or jet))mira)j the dilepton invariant 
mass (Mu), the Ifj^^^^ the dilepton system transverse 
momentum (p^), the opening angles between the two 
leptons in the transverse plane (A(/)(^£)) and in the rj — (f) 
plane {AR{£i)). These variables are the most sensitive 



jLdt = 5.9flb' ntt,WY,W+jetsnWW,WZ : 
□ Drell-Yan HzZ 
• Data 




Uncertainties from measurements of the lepton selec- 
tion and trigger efficiencies are propagated through the 
analysis acceptance. The dominant uncertainty in the 
final measurement comes from the acceptance difference 
between the leading order (LO) and the next-to-leading 
order (NLO) process simulation. The uncertainty in the 
detector acceptance is assessed using the 20 pairs of PDF 
sets described in [29^1. We assign a 5.9% luminosity un- 
certainty to the normalization of MC simulated processes 
(soj . We include uncertainties on the theoretical cross 
section of WW WZ W-f ^ and ti The 
uncertainty on T/F-|-jets background is determined from 
the variation of the jet misidentification factor among 
samples using different jet trigger requirements. A sys- 
tematic uncertainty is assigned to the dominant DY back- 
ground due to I^rp simulation mismodeling and tested in 
an orthogonal data sample. An additional uncertainty is 
considered due to the track resolution on the I^rp^^ mod- 
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eling. All the systematic uncertainties are summarized in 
Table HT] Correlations between the systematic uncertain- 
ties are taken into account in the fit for the cross section. 



TABLE 11: Percentage contribution from the various sources 
of systematic uncertainties to the acceptance of signal and 
background in the Uw decay mode result. 



Uncertainty Source 


ZZ 


WW 


WZ 


tt DY W^7 W+iets 


Cross section 




6 


6 


10 


5 


10 


MC-run dep. 








10 






PDF 


2.7 


1.9 


2.7 


2.1 


4.1 


2.2 


NLO 


10 




10 


10 




10 


C 


5.9 


5.9 


5.9 


5.9 


5.9 


5.9 


Conversion 












10 


Jet modeling 


2 




2.8 




7.3 


4 


Jet misidentification 












26.6 


Lepton ID eff. 


3 


3 


3 


3 


3 




Trigger eff. 


2 


2 


2 


2 






If J. modeling 










10 




Ifj,^^ cut 










30" 





"AfTecting only the dimuon sample. 



The likehhood fit of the data yields 48. 4+^°;^ events 
and a measured production cross section (j(pp 



zh*zh*) 



1.45 



lo 42(stat)to;3j(syst) pb, which cor- 
responds to a{pp^ ZZ) = 1.34l°j^(stat)lJ^;^^(syst) pb 
considering the correction factor for the zero-width cal- 
culation. 

The ZZ — > Ut'l' decay mode has a very small branch- 
ing fraction (0.45%), but also has smaller background. 
The efficiency to pass the lepton identification require- 
ments enters the overall efficiency to the fourth power. 
Therefore, we optimize the lepton selection for higher ef- 
ficiency, accepting a larger rate of jets misidentified as 
leptons. 

For the Ul'l' analysis, the lepton selections used for the 
Uvv analysis is extended to include electrons that span 
an rj range beyond the coverage of the tracking system 
and are therefore reconstructed based only on the energy 
deposit in the calorimeter. Each of the three resulting 
electron categories is now extended to use a likelihood- 
based combination of selection variables rather than us- 
ing an orthogonal series of requirements. For muons, the 
isolation requirement and limits on the energy deposited 
in the calorimeters are relaxed. Depending on the lepton 
category, the efficiency is improved of 5-20% compared 
to the previous CDF ZZ cross section measurement iS]- 
Selection efficiencies are measured in data and MC simu- 
lation using Z U samples. Correction factors are then 
applied to the signal simulation obtained from the ratio 
of the efficiency calculated in the simulation and in the 
data. 

ZZ — >■ iWl' candidate events are required to have four 
leptons with > 10 GeV/c, at least one of which must 
have pt > 20 GeV/c and be a lepton that met the trig- 
ger requirements. The leptons are grouped into oppo- 



site sign, same fiavor pairs, treating the track-only lep- 
tons as either e or /x and the trackless electrons as either 
charge. For events containing more than one possible 
grouping, the grouping with the smallest sum of the dif- 
ferences from the Z boson mass is selected. One pair of 
leptons must have a reconstructed invariant mass within 
±15 GeV/c^ of the Z mass, while the other must be 
within the range [40,140] GeV/c^. 

The only significant backgrounds to the £££'£' final 
state come from .Z-l-jets where two jets are misidentified 
as leptons and .Z7-|-jets where the photon and a jet are 
misidentified as leptons. These are modeled with a simi- 
lar procedure to the VF-l-jets background in the Mi/iy anal- 
ysis. A sample of three identified leptons plus a lepton- 
like jet, 31 + ji, is weighted with a misidentification fac- 
tor to reflect the background to the £££'£' selection. This 
procedure double counts the contributions from Z+2 jets 
because these have two jets, either one of which could be 
misidentified to be included in the 3Z + ji sample, but 
both of which need to be misidentified to be included in 
the £££'£' sample. A few percent correction is made for 
the double counting, and a simulation-based correction 
is made for the contamination of the 3^ -I- ji sample by 
ZZ — > £££'£' events in which one of the leptons fails the 
selection criteria and passes the ji selection criteria. The 
resulting background estimate is 0.26to;i5 events where 
the dominant uncertainty is due to the limited statistics 
of the 3^ -I- ji sample. 

The ZZ — £££'£' acceptance is determined from the 
same PYTHiA-based simulation as is used for the ££1^1/ 
analysis. The expected and observed yields are summa- 
rized in Table IIIII Figure [2] shows a scatter plot of the 
mass for the leading versus subleading pT Z candidates, 
showing that the candidates are tightly clustered in the 
center of the signal region as expected. 



TABLE III: Expected and observed number of ZZ -s> £££'£' 
candidate events in 6.1 fb~^. Uncertainties include both sta- 
tistical and systematic contributions added in quadrature. 



Process 



expected events 



ZZ 
^(7)+jets 



9.54±1.24 



0.26 



+0.53 



Total expected 



9.82 ±1.25 



Observed data 



14 



The dominant systematic uncertainty is a 10% uncer- 
tainty on the lepton acceptance and efficiency which is 
based on a comparison of the expected and observed 
yields in a sample oi Z ££ events. Additional un- 
certainties include 2.5% on the acceptance due to higher 
order QCD effects which are not simulated, 2.7% due to 
PDF uncertainties, 0.4% from the trigger efficiency de- 
termination, and 5.9% due to the luminosity uncertainty. 

In the £££'£' final state, we observe 14 events, of 
which we expect 0.26^^5^'^ to be background, resulting 



7 



FIG. 2: Two-dimensional distribution of Mu for the non- 
leading pt vs leading-pT Z candidates for the expected sig- 
nal and background compared to the observed events. In 
the plot a box is drawn with area proportional to the num- 
ber of events expected for that M/^, Mfi combination. The 
green line cross-shaped region represents the acceptance of 
the requirements applied to select ZZ events, while the stars 
represent the events observed in the data. 
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in a measured cross-section of (T{pp Z/^*Z/"f*) = 
2.18tQ;5g(stat) ±0.29(syst) pb, corresponding to cr(pp — > 
ZZ) = 2mtof^{staX) ± 0.27(syst) pb in the zero-width 
approximation. 

The two results described above are based on orthog- 
onal data samples, given the explicitly different require- 
ments on the number of identified leptons in the final 
state. We therefore combine the two measurements, us- 
ing the same likelihood function and minimization pro- 
cedure applied to the analysis, taking into consider- 
ation the correlations for the common systematic uncer- 
tainties. The combined measured cross section is 



a{pp ZZ) = 1.64tj]:;^^(stat + syst) pb 



(2) 



which is consistent with the standard model NLO calcu- 
lation a{ZZ)NLO — 1.4±0.1 pb. This result is the most 
precise total cross section measurement of ZZ produc- 
tion at the Tevatron to date, reducing the uncertainty to 
below 30%. 
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